There is an unmet need for multi-functional devices that can monitor and modulate biological activity in order to effectively study biological phenomena and systematically develop therapeutics. Even though miniaturization technology has significantly enhanced the capabilities of such devices, increasing demands for multi-functionality within a small device footprint require innovations on the materials front, where nanostructured materials offer unique opportunities. [1] [2] [3] [4] [5] [6] Nanoporous gold (np-Au), produced by a self-assembly process involving selective dissolution of silver from a gold-silver alloy, [7] is one such material that has great potential for biomedical applications with its large effective surface area, ease of surface functionalization, and electrical conductivity. However, it has mainly received attention for its catalytic performance [8] and fundamental scientific investigations, [9, 10] while its biomedical applications remain largely unexplored. We have previously shown this material's utility for a biomedical application, where np-Au was used as a multiple electrode array coating, exhibiting increased sensitivity in detecting electrical activity from organotypic hippocampus slices. [11] A desirable attribute for functional biomedical coatings is drug delivery capability to modulate tissue response in situ. Np-Au with its controllable open-pore structure is an ideal material for this purpose. The objective of this paper is to illustrate that: (i) np-Au is permissive to culturing adherent cells; and (ii) the porous network can be used for releasing biologically-relevant molecules for controlling cell behavior, which is demonstrated by the delivery of a drug that suppresses cell proliferation. Taken together with np-Au's performance in monitoring electrophysiological activity, the current findings promise an "all-in-one" functional coating that enables biosensing, drug delivery, and biocompatibility.
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An important initial performance parameter for a new biomaterial is its capability to sustain cell adhesion. No such demonstration exists for np-Au to the best of our knowledge. Therefore, as a preliminary test of np-Au's biocompatibility, we evaluated the effect of surface morphology and metallurgy on cellular attachment using four different samples: (i) 12 mm-diameter circular plain glass cover slips; (ii) 5 mm-diameter gold spots patterned on the glass cover slips; (iii) 5 mm-diameter np-Au spots patterned on the glass cover slips; and (iv) 5 mm-diameter np-Au spots with a coarser pore morphology. Since gold and glass are well-established biocompatible materials, [12] they served as suitable references for evaluating np-Au biocompatibility. Pore morphologies of the np-Au coating with an interconnected open-pore structure and the np-Au samples with coarser pore morphology (produced by heat treatment at 450°C for 10 minutes [13] ) are shown in Figure 1 (bottom row). Thermal treatment produces larger pores, while minimally affecting the characteristic pore structure via thermally-enhanced surface diffusion and pore coalescence mechanisms. [13] The untreated np-Au coatings had a percent porosity of 24.6±1.6 and average pore area of 2786±531 nm 2 (diameter of 59.3±5.8 nm with circular pore approximation). Thermal treatment had a negligible effect on percent porosity; however, it led to an order of magnitude increase in average pore area (23682 ± 2062 nm 2 ), as shown in Table 1 . Film thickness (~294±3 nm) was slightly lower than the 300 nm-thick precursor alloy thickness, due to volumetric contractions during dealloying. [14] For the cell viability and drug-release experiments, we used murine astrocyte cell lines. The cells were seeded onto the four different samples (i.e., glass, gold, and both untreated and heat-treated np-Au) at a density of ~25,000 cells/cm 2 . One day after cell seeding, the cells were stained to capture fluorescent images of the f-actin cytoskeleton and nucleus, and imaged with an epifluorescent microscope. Images were digitally processed to quantify percent cell coverage (i.e., percent area covered by cells), average cell area, and cell density (i.e., number of cells per unit area) in each image (Table 1) .
A set of cells grown on the different surfaces was prepared for scanning electron microscopy (SEM) studies to observe the cell-surface interactions. Figure 1 illustrates representative images of astrocytes cultured on glass, gold, and np-Au surfaces, as well as the highmagnification SEM images of different surfaces. Cells on np-Au surfaces appeared to have shorter processes (untreated: 6.9 ± 3.3 µm and heat-treated: 6.1 ± 3.4 µm) compared to those of cells on non-porous surfaces (glass: 11.8 ± 3.7 µm and gold: 16.6 ± 7.0 µm). It is possible that the porous surface allows for "mechanical anchoring", that is, cellular processes to latch into nanopits providing additional stability over "biochemical anchoring" due to focal adhesions. While the cell density on different surfaces was not statistically different (singlevariable ANOVA p=0.6), average cell size was slightly bigger on gold and glass surfaces compared to nanoporous gold surfaces (Table 1) . One reason for this may be that np-Au surfaces with nanopits likely accommodate a limited number of focal adhesions compared to those by a non-porous gold surface, thereby reducing cellular spreading. This was supported by the observation that over-confluent astrocyte layers delaminated due to in-plane stress arising from cell-cell tensile interactions. It is important to note that the heat-treated np-Au sample with much larger pores (but similar percent porosity) did not lead to a significant difference in average cell area compared to the untreated np-Au. It is plausible that there need to be much larger changes in pore morphology (such as both bigger and smaller pores than tested here) to significantly modify cellular adhesion. The important conclusion of the comparative cell adhesion experiments is that np-Au performs equally well as the commonly-used materials (i.e., glass and gold) in microdevices. [12] Other cell types (i.e., primary murine cortical neurons and human fibroblasts, microglia, and endothelial cells) were also viable on np-Au (see Figure S1 ). We tested the biocompatibility of np-Au further by culturing organotypic hippocampus slices on an array of np-Au spots. Organotypic slices have been shown to provide a physiologically relevant model, as they preserve the cytoarchitecture of the brain [15, 16] and provided a means to evaluate biocompatibility of npAu. For this, we cultured organotypic slices over an array of microfabricated 30 µm-diameter np-Au spots for 12 days, at which point they were stained to visualize healthy neurons in the slice. The np-Au microspot array had identical film properties to that of the 5 mm-diameter spots used for the astrocyte culture. Figure 2 shows that organotypic hippocampus slices remained viable on np-Au spot arrays, retaining intact neural layers stained in green.
Many biomedical devices (e.g., neural electrodes [17] and vascular stents [18] ) require the capability for in situ drug delivery to modulate physiological response. One such scenario is the release of pharmaceuticals to suppress the proliferation of reactive cells that negatively impact device performance (e.g., astrocytic gliosis in response to implanted neural electrodes [17] ). For this, it would be highly useful to have an electrically conductive biomaterial that can monitor electrophysiological activity, as well as simultaneously modulate surrounding tissue response by in situ drug delivery. Np-Au, with its large surface area, is a promising material for such purpose. In order to test the capability of np-Au coatings for sustained molecular release, we monitored the release of fluorescent molecules from np-Au coatings over time using fluorescein as a model molecule. Np-Au coatings retained and released fluorescent molecules unlike compact surfaces. The sustained release from np-Au is likely due to the large specific surface area resulting in a large number of surface-molecule interactions along the pore walls as the molecules diffuse out of the porous network ( Figure 3 ). While molecular release from a porous coating does not lead to high concentrations in a large volume, it is probable that the effective concentration that the cells are exposed to at the interface would be much larger than the bulk volume.
The molecular release experiment was subsequently repeated with an anti-mitotic drug cocktail to evaluate the performance of drug release from np-Au coatings in suppressing cellular proliferation. Plain glass cover slips and slips with np-Au spots were loaded with the drug cocktail at different concentrations, washed, and then astrocytes were seeded onto the samples at a density of ~13,000 cells/cm 2 . The anti-mitotic drug cocktail included an active ingredient (Ara-C) which is incorporated into the DNA to stop cell proliferation by disrupting DNA synthesis [19, 20] . Two types of controls were employed: (i) non-porous glass cover slips and (ii) np-Au samples loaded with Hank's buffered salt solution (HBSS), which is the vehicle in the drug cocktail. The percent growth on days 1 and 2 were determined by quantifying the cell density on each day for different conditions. Cells continually proliferated on blank glass cover slips regardless of their treatment with anti-mitotic drugs, suggesting that possible physio-adsorption of drug molecules on the glass surface is not sufficient to modulate cell behavior. The np-Au sample treated with the vehicle also exhibited continuous cell proliferation, suggestive of np-Au's biocompatibility. However, np-Au cells treated with the anti-mitotic drug cocktail reduced cellular growth in a dosedependent manner (Figure 4) , suggesting that drug release from the porous network was responsible for suppressing cell proliferation, even though the release rates of individual drug cocktail components may be different. Two different comparisons were performed to statistically confirm this observation, as outlined in Table 2 : (i) day-wise comparison of cell proliferation on drug-loaded np-Au samples (i.e., 5X and 50X) to the vehicle; and (ii) daywise comparison of cell proliferation on np-Au samples to the blank glass cover slips treated with the two extreme conditions (i.e., vehicle and 50X). Fluorescein release from np-Au samples ( Figure 3 ) exhibit significantly smaller standard deviations compared to those for cell proliferation (Figure 4 ). This suggests that the molecular release and/or preceding drug loading are consistent from sample to sample. It is therefore probable that the large standard deviations in Figure 4 are due to inherent variability of cell growth.
In this study, we compared the morphological response of astrocytes to various materials and demonstrated that drug release from np-Au coatings can modulate cellular proliferation. An important characteristic of new materials is the ease of integration with existing technologies. As np-Au can be deposited and micropatterned using conventional microfabrication techniques, it can be readily incorporated into microdevices, potentially creating new device capabilities. Np-Au performed comparably well to other samples typically used for cell culture in sustaining adherent cell proliferation, suggesting biocompatibility. The long-term (~2 weeks) viability of an organotypic tissue slice on np-Au spot array provided an additional confirmation of np-Au's promise as a biocompatible material. Np-Au samples had the capability to retain and release drugs, as demonstrated by the cellular suppression in response to anti-mitotic drugs delivered from the nanoporous structure. The porous surfaces appeared to be minimally fouled by exposure to cells and culture media, as judged by the unobstructed surface pore structure, which is important for sustained drug delivery. In addition, as differences in pore morphology did not produce significant effects in cellular response, pore morphology may be modulated to adjust molecular release profile while not affecting biological response. Additional studies, particularly in in vivo models to evaluate np-Au's biocompatibility and its interaction with glial cells as well as mechanistic studies to understand drug release patterns as a function of pore morphology and molecular properties are currently underway to comprehensively evaluate np-Au as a multifunctional material. A np-Au coating can potentially be applied to surfaces with engineered microtopographies, where the nanoporous network is responsible for drug delivery, while the microtopography dictates cellular attachment, migration, and other cellular functions. [21, 22] These features, taken together with its biosensor applications, [11] confirm the utility of np-Au as a valuable multi-functional biomedical device coating.
Experimental Section
Details of the sample preparation, cell culture, drug delivery, and imaging can be found in Supporting Information.
Sample fabrication and characterization
The gold spots were deposited by direct-current sputtering (AJA Sputtering Instrument) of 15 nm-thick chrome for adhesion and 200 nm-thick gold under 4 mTorr argon ambience. Gold-silver alloy spots (precursor to np-Au synthesis) were produced by sputtering 15 nmthick chrome adhesion layer, 50 nm-thick gold seed layer, and 300 nm-thick gold-silver alloy (30% gold and 70% silver; atomic %). The array of 30 µm-diameter np-Au spots with 200 µm center-to-center spacing on 12 mm×24 mm glass cover slips were fabricated via liftoff process. The final np-Au structure was batch-fabricated by immersing the AuAg samples in nitric acid (65%) at 50°C. The samples were rinsed in deionized (DI) water and stored in DI water for a week while changing the liquid every other day. In order to produce np-Au surfaces with coarser pore morphology, some np-Au samples were heat-treated in a rapid thermal annealer (Modular Process Technology), as thermal exposure generally coarsens npAu morphology. [13] The coatings were imaged with a scanning electron microscope (SEM; Zeiss Ultra55) and pore structures were analyzed using a custom ImageJ (National Institutes of Health shareware) macro.
Cell culture and imaging
The murine astrocytes were received Prof. Bradley Hyman at Massachusetts General Hospital. The culture media composition was: 10% heat-inactivated fetal bovine serum (Sigma), 0.2% Geneticin antibiotic as received (Invitrogen), 1X GlutaMAX (Invitrogen), and DMEM Advanced (Invitrogen) as the basal medium. Cell cultures were maintained in a humidified incubator at 37°C and 5% CO 2 . For cellular quantification, the cells were fixed with 4% paraformaldehyde in phosphate buffered saline (PBS), stained using phalloidin (conjugated with Alexa 488 fluorophore, Invitrogen) to visualize f-actin cytoskeleton, and counterstained with DAPI to visualize cell nuclei using an epifluorescent microscope (Zeiss Axiovert). For SEM studies, the cells were fixed with 2.5% glutaraldehyde, dehydrated in graded ethanol solutions and hexamethyldisilazane (Sigma), coated with a thin layer of gold, and imaged with a SEM (Zeiss Ultra55) at various magnifications. Both fluorescent and SEM images were analyzed using an ImageJ macro to determine cell counts, average cell areas, and cellular process lengths.
Organotypic hippocampus slice preparation and imaging
350 µm-thick hippocampus slices from postnatal day 7 Sprague-Dawley rat pups were dissected as described previously. [11] The experiments were conducted per the approval of the Massachusetts General Hospital Subcommittee on Research Animal Care. On day-invitro (DIV) 12, the slices were fixed and stained with SYTO 10 (Invitrogen), which leads to a Nissl-like staining of healthy neurons.
Molecular release experiment
For fluorescein release experiment, 12 mm 2 ~300 nm-thick np-Au coatings patterned on silicon chips were loaded with 10 mM fluorescein solution over night, rinsed in DI water, and immersed in 250 µL tubes of DI water. The immersion solution was sampled to spectroscopically determine the amount of released fluorescein over time using a fluorospectrometer (Nanodrop, Thermo Scientific).
Drug delivery experiment
The stock solution (5000X) of the anti-mitotic drug cocktail consisted of 160 mg of cytosine-β-D-arabino-funanoside (Ara-C) (Sigma), 160 mg of uridine (Sigma), and 160 mg of 5-Fluro-2'-deoxyuridine (Sigma) in 40 mL of Hank's buffered salt solution (HBSS). The blank glass and 5 mm-diameter np-Au spots were treated with 5X and 50X working solutions (by immersion for approximately five hours), and astrocytes were cultured on the samples for two days. On days 1 and 2 after cell seeding, the cells were stained, imaged, and counted as described before. The cell density on cover slips (blank glass cover slips and npAu spot-patterned cover slips) for each condition were normalized to the cell density on the day of seeding (Day 0) for the cover slips that were loaded only with the vehicle (blank glass cover slips and np-Au spot-patterned cover slips respectively). Epifluorescent and scanning electron microscope images of astrocytes on glass, gold, and np-Au samples (f-actin: green, nucleus: blue). The bottom row displays the highmagnification morphology of different surfaces. The average pore area for untreated and heat-treated np-Au coatings are 2786 ± 531 nm 2 and 23682 ± 2062 nm 2 respectively. The inset illustrates the cell culture scheme. Magnifications are the same across individual rows. Np-Au surfaces are permissive to cell proliferation, similar to commonly used materials like gold and glass surfaces, suggesting np-Au's biocompatibility. Table 1 Summary of properties of different samples and quantification of cellular attachment. Student's t-test comparison to untreated np-Au. 
